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AB TRACT 
The respon e of hair follicle melanoblasts to irradiation has been studied by two 
techniques at 'ariou stages of the hair growth cycle. Scoring of follicle without func-
tional melanocytes in a growth pha e after irradiation provides dose-response curves 
that have similaritie to earlier depigmentation results. Melanobla t survival curves 
can also be obtained by scoring follicles with clones of functional melanocytes in a 
post-irradiation growth pha e. A laro-e difference in en itivity i evident between 
resting and growing follicles. This difference seems to vary with different strains of 
mice. The sensitivitie of the melanobla t urvival curves al o vary considerably through 
the hair growth cycle. The mo t sensitive cells are the resting Go melanoblasts. The 
dividing melanobla ts are more re i 'tant, and the resistance is even greater, if the re-
sponse is studied five days after plucking '''hen the melanoblasts are reaching the end 
of the division phase and the beginning of the melanin ynthetic phase. 
ince the first report of radiation-induced de-
pigmentation of hair in 1925 (1) the response 
has been fairly extensively studied (2-7). Di -
crepancies were apparent in the earlier reports 
and it was not until the work of Chase and hi 
co-workers that these discrepancie in depigmen-
tation reaction were attributed to the fact that 
the hair growth cycle was not controlled. Cha e 
demonstrated that the hair growth cycle also 
influences the response of the hair follicle and 
the epidermis (8, 9). The depio-mentation re-
sponse can be studied in a variety of ways, the 
technique chosen by Chase being the tudy of 
the linear pigmentation and its abnormalitie in 
individual hairs. His results indicated that the 
resting hair follicle was two to three times more 
sensitive to depigmentation than the growing 
follicle ( 4-6). Recently, other techniques have 
been used to study thi reaction which provide 
do e response curve with sen itivities imilar to 
tho e obtained by Cha e's techniques. These re-
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cent experiment involve the tudy of the pig-
mentation of isolated hair follicle (10-12). The 
techniques have been extended to enable X-ray 
survival curves to be obtained (10, 13, 14) . It 
has been shown that the resting hair follicle in 
the mouse contains only one or two amelanotic 
precursor melanocyte (melanoblasts) (14). The 
hair cycle can be controlled by plucking mature 
hair from the resting follicle. This initiates a 
new hair growth cycle which in the mou e lasts 
for about 21 days. After the plucking stimulus 
the melanobla ts enter a phase of mitotic activ-
ity which is followed by a phase of melanogenic 
activity. Recently, the behavior of the hair folli-
cle melanobla ts and melanocyte ha been stud-
ied and a model proposed which is represented 
schematically in Figure 1 and described in detail 
in references 10, 13 and 14. Data are presented 
here for the radiosen itivity of cells of the mel-
anocyte series in the hair follicles of mice at 
different stages of the hair growth cycle. Two 
aspects of the radiation depio-mentation response 
have been studied at the follicular level: 1) the 
production of follicles totally devoid of pigment 
cells, a response which provides dose response 
curves very similar to those obtained by Chase, 
and 2) pigment cell survival. 
410 
MATERIALS AND METHODS 
1. Animals. In the initial experiments, where 
dose response curves were obtained for either 
growing or resting hair follicles, three different 
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FIG. 1. Proposed cycle of events for hair follicle melanocytes during the hair growth 
cycle. The upper diagram shows three distinct phases in the cycle: the telogen amelanotic 
phase when no DNA synthesis occurs; the DNA synthetic phase, 3 or 4 cycles of which 
appear to be a prerequisite for the next phase, the phase of high melanogenic activity and 
little or no DNA synthesis. In the lower diagram the cycle is presented in terms of cell 
divisions from a single melanoblast in which case 4 diYisions are required to produce the 
16 or so functional melanocytes. This model is discussed more fully in references 8 and 28. 
strains of mice were used. Mice between the ages 
of six and eight weeks and of both sexes were used. 
Neither age nor sex appear to influence the re-
sponse ( 6, 15). The strains used are shown below: 
Strain 
Strong 
F 
DBA-1 
C57Bl 
Coat color Genotype 
aabbCCddSS 
aaBBCCDDSS 
Phenotype 
Dilute brown 
chinchilla 
spotted 
Dilute brown 
Black 
In the later experiments, where pigment cell 
survival curves were obtained, six to eight week old 
male DBA-1 mice were used. 
2. Radiation . Three different sources of X-rays 
" ·ere used. (a) 300 kVp X -rays from a Resomax 
machine with H.V.L. of 2.0 mm of copper and a 
do rate of 230 rads p r minute. (b) 280 kVp X-
rays from a Picker machine with H.V.L. of 2.8 mm 
of copper and a dose rate between 50 and 120 rads 
per minute. (c) 250 kVcp X -rays from a Westing-
house machine with H.V.L. of 1.8 mm copper and 
a dose rate of between 50 and 110 rads per minute. 
No effect of dose rate or X-ray quality could be 
detected. The mice were placed in plexiglass cham-
bers and an area on the dorsum irradiated while 
the rest of the animal was shielded. Before and 
during the expo ure the mice breathed oxygen 
which also flowed over the skin surface (12). The 
mice were anesthetized for the inadiation treat-
ment. The irradiation techniques and procedures 
have been described before (10-15). 
3. Plucking procedure. The mice were anesthe-
tized and plucked using the plastic dressing tech-
nique ( 10). In the early experiments the mice were 
plucked, left for 21 days and replucked. For the 
resting follicle experiments mice were irradiated 
shortly after this second plucking. For the growing 
follicle experiments, mice were irradiated on the 
9th or 12th day after the second plucking. For the 
pigment cell survival curve experiments, six to 
eight week old mice were plucked once and 
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Frc. 2. The fraction of 500 or more follicles from 
a single mouse containing one or more functional 
melanocytes in the middle of the hair growth cycle 
initiated by plucking mature hairs approximately 
21 days after the pre-irradiation plucking. A dose 
of 1200 rads of 300 kVp X-ray was delivered at 
various times after the pre-irradiation plucking. 
TABLE I 
Control values used in depigmentation dose-response 
curves 
Mouse strain 
Strong F 
DBA-1 
C57Bl 
Fraction of follicles with 
melanocy tes ± 1 S.E. 
0.812 ± 0.015 
0 . 974 ± 0.008 
0.987 ± 0.001 
~umber of 
animals 
30 
18 
6 
Control value used in pigment-cell survival curve 
Mouse strain 
DBA-1 
Fraction of follicles with ten 
or more melanocytes in the 
growth phase, ± 1 S.E. 
0 .961 ± 0.006 
:!\umber of 
animals 
7 
irradiated either immediately after plucking, three 
days after plucking, or 5 days after plucking. This 
provided results for resting melanoblasts, for divid-
ing melanoblasts and for cells at the end of the 
division phase and at the beginning of the melanin 
syn thesi phase (see Fig. 1) . 
4. Histological procedures. For the early experi-
ments where resting or growing follicle dose-
response curves were obtained the hair cycle 
initiated prior to irradiation was left for about 21 
days (i.e. until completion), the animals were then 
replucked and skin samples were taken approxi-
mately 12 days after the irradiation treatment. The 
radiation induces a dose dependent lag in the hair 
growth cycle and a dose dependent di ruption of 
follicle structure. Both these factors have to be 
overcome before the skin samples can be taken in 
order to ensure that the hair follicles are at a stage 
of the hair growth cycle where scoring is possible. 
The samples were generally taken when the hair 
appeared to be about halfway through its growth 
cycle. A problem was encountered in some of the 
growing follicle experiments because it was diffi-
cult to be sure what stage of the hair cycle, and 
indeed which post-irradiation hair cycle, was being . 
sampled. All skin samples were taken from the 
center of the irradiated field. The samples were· 
fixed in mercuric Carnoy's and transferred to 70% 
ethanol for storage. When needed they were hy-
drolyzed and lightly stained with picric acid, in-· 
dividual hair follicles were di ected from the skin 
and 200 or more mounted on a microscope slide .. 
All the follicles from a small area of skin taken 
randomly from the fixed sample were separated 
and mounted together on the slide. The tech-
niques have been described in detail elsewhere· 
(10-15). 
5. Scoring techniques. T\YO different scoring 
procedures were used. (a) coring for the produc-
tion of follicl es totally without pigmented cells, 
which provides dose-re pon e curves u eful when 
dose-modifying agents ar to be studied (11, 12) . In 
this case, each follicle is studied under low magnifi-
cation and scored for the presence or absence of 
pigmented cells. (b) Scoring for pigment-cell sur-
vival involves the study of each follicle under low 
magnification to determine \\·hether it contains ten 
or more functional melanocytes. If it does, then the· 
pigment-cells (melanoblasts) in the irradiated 
follicle are deemed to have survived. The follicles 
whose melanocyte vary in number between eight 
and fourteen often have to be studied under higher 
magnification. Both scoring technique have been. 
described elsewhere (10-15). 
RE S"GLTS 
The re ult are pre ented graphically as either 
(a) the fract ion of pigmented follicles against 
t ime after plucking (Fig. 2) or against dose, or 
(b) t he fraction of surYiYing melanobla ts or 
melanocytes against dose. In all ca es the points 
plotted have been corrected for the appropriate 
control value .... , shown in Table I. 
Figure 2 hows the typical change in radiore-
spon. e een for DBA-I mice ,,·hen a dose of 1200 
rads is given at variou stacre of the hair growth 
cycle (i.e. at variou t imes after initiating the 
hair growth cycle by pluckincr). The restincr hair 
follicle are mo t sen itive when t he depigmenta-
t ion reaction is con idered. The ensitivity re-
mains at the resting follicle level for the first 
day after plucking, after which it falls rapidly 
until about 4-5 day after plucking, when the 
growing follicle level i reached. The growing 
follicle sensitivity is maintained at least up to 
the 19th day after plucking. Each point repre-
ents the fraction of 500 or more follicles from 
one mouse, showing one or more functional pig-
RADIATION DEPIGMENTATION OF HAIR 413 
ment cells in the middle of the hair cycle initi-
ated by the post-irradiation plucking, plotted 
against the t ime between the pre-irradiation 
plucking and the administration of the dose of 
1200 rads. 
Figure 3 shows the dose-response obtained by 
scoring the fraction of follicles in the middle of 
the hair cycle initiated by a post-irradiation 
plucking. Various doses of radiation were given 
to Strong F mice either shortly after plucking 
(resting follicle response, Curve A) or 12 days 
after plucking (growing follicle response, Curve 
B). Each point represents the fraction of 500 or 
more follicles from one mouse containing one or 
more functional melanocytes. The error limits 
shown represent the variability in the counting 
procedure. 
Figure 4 shows the data obtained when the 
same experiment was conducted using DEA-l 
mice and Figure 5 the results obtained for 
C57Bl mice. The parameters defining these 
curves are shown in Table II. Data presented by 
Chase and Hunt (6) for the response of C57Bl 
mice scored by examining for abnormalities in 
the linear arrangement of the pigment granules 
in the hair are shown in Figure 6. Both Chase's 
data and the present results were subjected to a 
computer analysis designed to determine the Do* 
(16) and Nt (17) values for curves of this type 
and to calculate the 95% confidence limits on 
these parameters (18). Only tho e data points 
on the exponential region of the curves were 
subjected to the computer analy is. 
Figure 7 shows the melanoblast survival curve 
obtained by irradiating DBA-1 mice in the rest-
ing stage of the hair growth cycle. Survival is 
defined as the ability of the melanoblasts to re-
spond to the plucking stimulation, to divide, and 
to produce ten or more functional melanocytes 
about 12 days after the treatment. The irradia-
tions were conducted as soon after plucking as 
possible, and scoring was usually conducted be-
tween 12 and 16 days later. 
Figure 8 how the survival curve for mice 
irradiated three days after plucking when the 
* The Do is defined as that increment of dose 
required to reduce the fraction of surviving mela-
noblasts, f, to fxe-1 (or 0.37£) once the exponential 
region of the survival curve has been reached. It 
is thus the negative reciprocal of the slope of the 
regression line. 
t N, the extrapolation number, is the value ob-
tained when the exponential region of the dose-
effect curve is extrapolated to the zero dose level. 
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FIG. 3. Dose-response curves obtained by plot-
ting (against the dose of 300 kVp X-rays) the frac-
tion of 500 or more follicles from a single Strong 
F mouse that contained one or more melanocytes 
in a subsequent growth phase. Curve A was ob-
tained by irradiating shortly after plucking (rest-
ing follicle~), and cu.rve B ~Y irradiating 12 days 
after pluckmg (growmg follicles). The error limits 
shown demonstrate only the counting variability 
and are typical for curves of this type. 
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FIG. 4. Dose-response curves for DBA-1 mice 
under similar conditions. Curve A shows the rest-
ing follicle response and curve B the growing fol-
licle response. 
melanoblasts were actively dividing. Survival 
was scored between 12 and 20 days after irradia-
tion. The irradiation causes greater disruption of 
the follicle structure and a greater delay in the 
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FIG. 5. Dose-response curves for C57Bl mice 
under imilar conditions. Curve A shows the rest-
ing follicle respon e and curve B the growing 
follicle re ponse. 
hair growth cycle when given three days after 
plucking. The skin wa fixed when the hair folli-
cle appeared to be in the middle of the hair 
growth cycle. 
Figure 9 "hmr the survival curve obtained 
when DBA-1 mice were irradiated five days 
after pluckinO' when the melanobla ts were near-
ing the end of the clivi ion pha, e and were be-
ginning t o ynthe ize melanin. The skin was 
fixed when the hair appeared to be about mid-
way through the hair cycle. Thi was usually in 
exces of 12 days after irradiation (i.e. in excess 
of 17 day~ after plucking). 
These surYiYal curves were subjected to com-
puter analysis and the calculated Do and N val-
ues with their 95% confidence limits are shown 
in T able III. 
DI CUSSION 
The results shown in Figures 2-6 and T able II 
illustrate the great variability in the growing 
follicle results. In Figure 2 the difference in en-
sitivity between the resting and growing follicles 
i a factor of about 5. The dose-re pan e curves 
for DBA-1 and C57Bl suggest a difference in 
sen itivity greater than this while the Strong F 
data ugge t a difference in ensitivity of about 
1.2. The St rong F growing follicle data appear 
to e:xtrapolate to t he same value a the re ting 
follicle data . This does not appear to be the case 
for t he other t rains where some difficulty is 
encountered in plottinO' t he dose-respon e curves 
for t he growinO' follicle result , part icularly in 
fixinO' the value of the eA.rtrapolation number. 
This account for much of t he variability in the 
Do Yalues in Table II. It hould be noted that no 
ignificant difference exist in any of the cases 
between the extrapolation number for the rest-
ing and growing follicle experiments for the ex-
trapolation number between different strain or 
for the restinO' follicle Do value . It does appear 
that Strong F mice are unlike the other strains 
in that the growing follicle are much more sen-
sitive. The reasons for this are not clear but may 
be as ociated with the fact t hat the e mice carry 
two additional recessive dilution genes, chinchilla 
and recessive spotting, which may make t he m el-
a.nocytes more prone to dislodgement from the 
growing follicle dermal papilla after irradiation. 
This may re ult in a greater loss of both normal 
TABLE II 
D ose-response parameters 
Mouse strain Hair cycle stage Do (rads) 95% C.L . N 95% C.L. Number of Ratio of animals Do values 
Strong F Resting 374 306- 479 1.97 1. 32- 2.92 18 
Growing 462 344-704 2.34 1.34-4 .04 8 1.2 
DBA-1 Resting 508 391-725 2.37 1.41- 4. 00 18 
Growing 4066 2299-17,579 1.30 0 .88- 1.92 19 8.0 
C57B1 Resting 437 351-579 3.71 2.00-6.88 14 
Growing 4792 2523-47,692 1.10 0. 72-1.57 13 11 .0 
C57Bl (Chase Resting 589 490-737 1.71 1.24-2 .36 25 
& Hunt) (6) Growing 1566 1111-2653 1.34 1.01- 1.78 24 2.7 
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and X-ray damaged melanocytes from the mel-
anocyte-precursor pool in the follicle (10, 13, 
14). ee Figure 1. 
Growing follicle experiments are complicated 
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FIG. 6. Dose-response curves for C57Bl mice 
irradiated in the resting phase (curve A) or the 
growing phase (curve B). The data are taken from 
Chase and Hunt 1959 (6). The fraction of normally 
pigmented hairs is plotted against X-ray dose. 
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FIG. 7. Resting DBA-1 melanoblast survival 
curve obtained by plotting the fraction of 200 or 
more growing follicles that contain ten or more 
melanocytes against the dose of either 280 kVp 
or 250 kVcp X -rays. Each point represents a single 
animal. The X -rays were delivered immediately 
after plucking and the scoring was conducted in the 
middle of the hair cycle initiated by the pre-
irradiation plucking. 
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FIG. 8. Dividing DBA-1 melanoblast survival 
curve obtained by similar scoring procedures. The 
X-rays w re delivered three days after plucking. 
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Fro. 9. Survival curve for DBA-1 melanoblasts 
towards the end of the division pha e. The X-rays 
were delivered five days after plucking . 
by the following factors: 1) The X-ray ~en itiv-
ity of the melanocyte or melanoblast:; is less 
than that for the resting follicles. 2) The grow-
ina- follicle matrix cells are more ensitive to 
radiation than tho e in the re ting follicle . They 
are more easily killed and delayed in the cell 
cycle. A a result of matrix cell destruction the 
follicle tructure i severely distorted, primarily 
in the matrix rea-ion, and takes time to return to 
normal, provided sufficient matrix cells survive 
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TABLE III 
DBA -1 surv'ival curve parameteTs 
Melanoblast stage and days after plucking Do (rads) 
Resting, immediately after pluck- 175 
mg 
Dividing , 3 days after plucking 278 
End of division phase, melanin syn- 436 
thesis beginning, 5 days after 
plucking 
-
the treatment (19). The higher the dose the 
longer it takes to regain follicle structure. 3) 
D epigmentation or pigment cell survival can 
only be cored if the follicle structure is normal 
and hair growth i occurring. Thus the time 
between irradiation and fixation of the skin var-
ied considerably and after the higher doses it 
wa often difficult to decide when to fix the skin. 
This meant that in some ca ·e it was impossible 
to say whether a completely new hair growth 
cycle was initiated after irradiation or whether 
growth of the hair cycle initiated by the pre-ir-
radiation plucking continued after a delay. 4) 
Recent experiments have indicated severe abnor-
malities in pigmented cell distribution in the fol-
licle hartly after irradiation of a gro"' ing follicle 
(19). These results might indicate that more 
pigmented cells exist shortlv after irradiation of 
a growing follicle and that these extra pig-
mented cells may provide an enlarged precur-
or-cell pool in the follicle. 5) It has recently 
been sugge ted that the functional melanocytes 
in growing follicles revert to the amelanotic 
melanobla t state at the end of the hair growth 
cycle (10, 13, 14). It has also been suggested 
that melanocytes (both melanotic and amela-
notic) are randomly lost into the keratinizing re-
gion towards the end of the hair cycle (13, 14) . 
See Figure 1. After growing follicle irradiation, 
damaged melanocytes may be more easily lost 
from the follicle in this way. This would result 
in a elective loss of X-ray damaged potential 
melanobla t and thus in an apparent radio-re-
si tance. 
The differences between the present data and 
Cha e' data are small, and though not statisti-
cally significant, may be partially explained by 
the differences in scoring techniques. Clearly, if 
mo aic hairs ( 4-7) are produced by follicles with 
95% C.L. N 95% C.L . Number of animals 
155-201 7.8 4.8-12.7 43 
229-355 10.0 3.9-25.7 23 
361-549 2.0 1.1-3.6 21 
less than the normal number of melanocytes 
then they are classed as damaO"ed in Chase's 
experiments and undamaged in the present ex-
periment . However, it was the observation of 
both Chase and the author that the fraction of 
mosaics, or the follicle with less than the nor-
mal number of melanocytes, was small. 
ObserYations on the hairs produced by folli-
cles with 3-5 melanocytes indicate that mosaic 
hairs may be produced only by those follicle 
with 1-3 melanocytes. The normal melanocyte-
per-follicle distribution starts at 10 and has a 
modal value of a bout 20 melanocytes per follicle 
(10, 15). It should be noted that the melanocyte 
per follicle scoring technique is dependent upon 
being able to distinguish individual melanocytes. 
This is easier in the dilute strain than in the 
non-dilute, such as C57Bl. 
The sensitivities shown by the urvival curves 
in Table III demonstrate the large variability in 
radiosensitivity of cells in different phases of 
c~·clic activity. The sensitivity of the resting hair 
follicle melanoblasts, as defined by the Do 
value, is slightly greater than early reports have 
indicated (10, 13, 14). Thi is probably due to 
the fact that a greater number of animals were 
used in the present study which increases the 
valid i t~· of the present value of 175 rads as the 
Do Yalue for re ting Go melanoblasts. 
Three days after plucking, the amelanotic, 
chromophobic (20) melanoblasts can be seen in 
division (13 , 14). There is no sign of any mel-
anin synthesis in these cells at this stage. Since 
the number of melanoblasts per follicl e will have 
increased, the size of the survival curve extrapo-
lation number, which is believed to be at least 
partially dependent on the number of critical 
targets per cell and also the number of critical 
cells per follicle, should be raised . It could fur-
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ther be argued that the factor by which the 
extrapolation number is raised would represent 
the factor by which the number of critical cells 
per follicle has been raised, providing the slope 
remains approximately constant. Though the 
day three survival curve extrapolation number 
is increased, the amount of increase is mall, and 
of questionable significance. This would suggest 
that the correlation between extrapolation num-
ber size, and the number of critical cells is not 
simple, at least in this cell system. This is fur-
ther supported by the day-five results, where 
despite a further increase in the known number 
of critical cells per follicle, the extrapolation 
number is actually decreased significantly. 
The dividing day-three melanoblasts are signifi-
cantly less sensitive than the resting Go melano-
blasts. The day-five melanoblasts are more nu-
merous. Some are commencing melanin synthesis 
while others may be still undergoing cell divi-
sion. At t his stage both Do and N are signifi-
cantly changed. Contrary to expectation, the ex-
trapolation number is greatly lowered and the 
sensitivity decreased. Since the shape of the sur-
vival curve has changed dramatically it is inter-
esting that at low doses the day-five melano-
blasts show a greater sensitivity, and at high 
dose a lower sensitivity than the day-three mel-
anoblasts. The possibility that certain of the 
intermediates in melanin synthesis act as radio-
protectors has been discu sed elsewhere ( 11) . 
Some day-five melanoblasts can be seen to con-
tain melanin granule and it seems likely t hat 
others (pos ibly all others) may have the earlier 
amelanotic melanosomes. Radio-protection by 
compounds associated with melanin synthesis 
may account for most of the growing follicle 
results. 
Several aspects of these experiments fail to 
support an earlier uggestion that some or all 
the difference in ensitivity might be attributed 
to differences in the level of oxygenation of the 
follicle ( 6) ; these aspects are: 1) The differ-
ences in the gro\Ying follicle response between 
the three trains. The oxygenation of the skin is 
partially dependent (6, 12) on the vascularity 
and this is probably much the same in all 
trains. 2) The mice breathed 95% oxygen dur-
ino- the irradiation procedure. It is believed that 
this ensure an oxygenation of t he follicles 
slightly above the air levels, and with slightly 
les variability in mouse to mouse radiosensi-
tivity (6, 12). 3) The difference in sensitivity 
between resting and growing follicles is greater 
in some cases than most oxygen enhancement 
ratios (see Table II). 4) There are definite 
changes in sensitivity at three days after pluck-
ing when there is little change in follicle struc-
ture or size, such as might be expected to alter 
the local tissue oxygen tension. 5) The increased 
metabolic demands of actively dividing cells 
might be expected to increase blood flow and 
oxygen supply in anagen follicles. However, the 
presence of actively metabolizing matrix cells 
between the critical melanoblasts and the blood 
capillaries might lead to an oxygen deficiency at 
the level of the melanobla ts. However this ex-
planation seems unlikely. 
A final explanation for the growing-resting 
follicle sensitivity difference is that the X-ray 
induced damage to growing follicle structure re-
ults in follicle reorganization from the upper 
regions of the follicle (for example the upper 
external sheath) rather than the base. The 
upper sheath is known to contain dormant pig-
ment cells. These dormant pigment cells, if in-
cluded in the follicle reorganizat ion, may pro-
vide a source of new precursor cells. This idea 
was suggested originally by Chase (21, 22). It 
does not appear adequately to account for the 
fact that the dormant upper follicle pigment 
cells are unaffected by the irradiation treatment. 
However , it does seem likely that it is a contrib-
utory factor in the growing follicle resistance. 
When all these factors are considered it would 
appear that depigmentation experiments on 
growing follicles should be interpreted with cau-
tion. 
Throughout the period of these experiments the 
constant helpful advice of Dr. Alma Howard has 
been greatly appreciated. I am also indebted to 
Drs. J. F. Fowler and H. B. Chase for their advice 
and guidance. Dr. Chase's data was used with his 
kind consent. I am grateful to Dr. T. Alper for the 
computer program used in these studies. 
The technical assistance of the following has 
been invaluable: Mrs. M. Harrison, Miss M. 
Devlin, Mrs. B. J essup and Miss M. Croxson. 
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